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ABSTRACT

PSR J0537-6910 is a pulsar located in the Large Magellanic Cloud, within the supernova
remnant N 157B. An energetic millisecond pulsar often likened to the Crab Nebula pulsar PSR
B0531+21, PSR J0537-6910 is known for its high spin-down luminosity and prolific glitching. Its
surrounding supernova remnant, N 157B, is an active pulsar wind nebula (PWN) in which the
material of the supernova remnant is energized by the emission from PSR J0537-6910. In 2011
the Crab Nebula lit up in gamma rays, the bright flare presumably originating from the PWN
and theorized to be caused by magnetic reconnection. This led to a question: do other similar
PWN such as N 157B also experience flares? In this thesis I investigate the gamma-ray emission
from N 157B, looking for evidence of gamma-ray flaring from this PWN. Although a month in
October 2019 showed unusually high emission, further analysis on a weekly timescale showed
no significant evidence of flaring activity.

xiii

CHAPTER 1
1.1 INTRODUCTION
Neutrons stars are some of the most unusual objects in the universe, made up of matter
compressed so densely that the only known next stage results in a black hole. Because of their
extreme conditions, neutron stars are distant but invaluable sources of information when it
comes to the physics of high energy and incredibly compact objects.
Their associated pulsar wind nebula are similarly important, natural laboratories in which
particles are accelerated to high energies through a series of complex processes stemming from
the pulsar within them. Understanding these processes is an ongoing area of study, and unusual
or unexpected behavior indicates an area where our knowledge and models are limited or
incorrect.
In April 2011, the Crab Nebula—a system made up of a pulsar, pulsar wind nebula, and
supernova remnant—displayed an example of unusual behavior as it suddenly flared to 30
times its typical gamma-ray brightness. Explanations for this flare have been posited, but the
question remains whether this is something unique to the Crab Nebula or, more likely, a
process inherent among other pulsar and pulsar wind nebula systems.
In this thesis, I will examine the formation and properties of a pulsar and its resulting
pulsar wind nebula, and then investigate the Crab-like pulsar wind nebula N 157B to look for
evidence of any flaring behavior in the gamma-ray range.
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1.2 FORMATION OF MASSIVE STARS
A neutron star and its surrounding pulsar wind nebula and supernova remnant are the
end results of the life of an 8-25 solar mass star. To understand how these systems form, it’s
necessary to understand the lifetime of the star that creates them.
Stars form as a result of the collapse of a cloud of gas and material. This occurs when a
gas cloud’s gravitational potential energy overcomes its kinetic energy. For a system to be in
equilibrium, it must adhere to the virial theorem:
| |=2 .

(1)

For a very simplified gas cloud, assuming pure hydrogen gas, the gravitational potential energy
and thermal kinetic energy can be written as:
3
5

=3

.

(2)

N can be replaced with:
=
where

,

(3)

is the average mass per particle. The equation then becomes:
3
5

=3

.

(4)

And so in equilibrium, the mass is found by:
=5

.

2

(5)

If the mass exceeds this limit, then the gas cloud begins to collapse in on itself.
Depending on the mass of the collapsing cloud, different objects can be formed. If the cloud
collapses into an object larger than approximately 0.08 M☉ , then the pressure and temperature
at the core reaches the minimum temperature of 10 million K (Caroll & Ostlie, 2014) required to
ignite fusion of hydrogen into helium. As soon as this ignition occurs, the object becomes a star
and enters the main sequence, with this point being called the zero age main sequence.

3

Figure 1: HR Diagram showing the arrangement of stars by spectral type. The main sequence is the nearly
linear line passing near the center of the diagram (European Southern Observatory, 2007).

Depending on the mass of the star, other properties such as temperature and luminosity
follow. This allows main sequence stars to be organized into a Hertzsprung-Russell diagram
showing the correlation of temperature and luminosity (Fig. 1) and therefore be classified into
4

spectral types. In order of decreasing mass, the main sequence spectral classes are OBAFGKM.
8-25 M☉ stars lie on the range of large B to small O stars (Massey & Meyer, 2001).

Table 1: A sampling of main sequence stars, showing comparative masses, temperatures, and other
attributes by spectral type. Type A stars are missing from this table and would be located between the B
and F classes (Massey & Meyer, 2001).

The star is supported against further collapse by the fusion of hydrogen into helium,
keeping the star in a stable equilibrium in which gravity is countered by internal pressure. To be
in equilibrium, the pressure must balance the weight of the star material (Caroll & Ostlie, 2014):
=

.

(6)

Because a main sequence star is fueled by the fusion of hydrogen into helium, and the rate of
helium production is greater the more massive the star is, the more massive a star is the
shorter its life span will be due to burning through its fuel supply at a higher rate.
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1.3 MAIN SEQUENCE MASSIVE STAR FUSION
Stars produce the energy needed to keep them alive by fusing elements. During
approximately 90% of a star’s life (Caroll & Ostlie, 2014), it exists on the main sequence fusing
hydrogen into helium. In stars of approximately 1.3 M☉ and smaller, the proton-proton chain
dominates the production of helium, but in stars of greater than 1.3 M☉ the CNO (Carbon,
Nitrogen, and Oxygen) cycle is the primary production method.
To use this method, carbon, oxygen, and nitrogen must already exist in a star. In the early
universe, none of these elements would have existed, and so a star would have had to begin
fusion starting at the proton-proton chain. However, these early stars are theoretical, and all
observed stars in the universe today contain elements heavier than hydrogen and helium.
The CNO cycle begins and ends with the production of carbon, nitrogen, and oxygen, but
forms different isotopes of each and in the process produces alpha particles. There are multiple
variations of the CNO cycle, which are split into ‘cold’ or ‘hot’ CNO cycles. The cold CNO cycles
are the processes found in stars.
CNO-I is one of several potential CNO cycles, which vary in terms of which isotopes are
produced and if fluorine is a part of the process (Caroll & Ostlie, 2014):
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Once hydrogen supplies are exhausted in the formation of helium, the star reaches the
end of its main sequence lifetime and progresses to the giant phase.

1.4 GIANT MASSIVE STAR FUSION
Although low mass stars shift from the main sequence to the giant phase with a helium
flash and sudden expansion, stars of approximately 10 M☉ or greater progress gradually into
the giant phase. These stars begin fusing helium into heavier elements through the triple alpha
process, which forms beryllium and carbon (Caroll & Ostlie, 2014):
$) + -$) → /-1)

-

/
-1)

+ -$) →

"
!

+(

With the formation of the stable carbon isotope carbon-12, the alpha process then begins to
build additional elements step by step, progressing first from carbon to oxygen.
"
!

+ -$) →

"!
/.

+(

For a star of less than 8 M☉ , this would be the end result and the core would be made up of a
mixture of carbon and oxygen. However, for more massive stars the high temperatures and
pressures allow this process to continue step by step, and heavier elements created through
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the alpha process can be fused together directly. This process can continue through iron,
including the brief production of nickel-56, which soon decays into iron as well.

1.5 INSTABILITY AND CORE COLLAPSE SUPERNOVA
Once iron is reached, no more energy can be extracted from the fusion of elements. This
is because the binding energy of iron-56 is the greatest of all the elements (Fig. 2), meaning that
fusion into heavier elements would require more energy than would be created in the process.
For this reason the core remains a mixture of iron and nickel-56, and grows in mass while
providing no radiation pressure to support the star against collapse.

8

Figure 2: Binding energy per nucleon for each element, peaking at iron (NASA Goddard, 2005).

As the core grows in the center of the star, it’s compressed by the mass of the
surrounding star matter. Because the core is taking up space without contributing to supporting
the star through fusion, the layers of the star press against the core with pressure that
increases with the mass of the core. The core is supported against this weight by electron
degeneracy pressure, which is a result of the Pauli exclusion principle.
The Pauli exclusion principle states that two identical fermions (in this case, electrons)
can’t occupy the same quantum state. An atom is made up of a nucleus containing protons and
neutrons, as well as electrons that surround the nucleus in energy levels called orbitals. Each
9

orbital can hold two electrons, and these two electrons must have opposite spins. Shells may
contain several orbitals each (Fig. 3).

Figure 3: Electron configuration of iron, showing the shells, subshells, and number of electrons in each
subshell (Abozenadah et. al, 2017).

Due to the Pauli exclusion principle requiring that no two electrons can occupy the same
quantum state (and therefore, for example, there can be only one spin up electron and one
spin down electron in the 1s orbital), there’s a limit to how far electrons can be compressed.
For this reason they put up an opposing force that resists gravity, preventing the core from
becoming any more dense (Cottingham & Greenwood, 2001).
However, in stars with high enough mass, the mass pressing down on the core becomes
great enough that electron degeneracy pressure is overcome and the core begins to collapse.
Typically this happens at the Chandrasekhar limit of 1.44 M☉ , although recent discoveries
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indicate that more massive objects can exist if their cores are supported against collapse by
additional forces, such as extremely strong magnetic fields (Mukhopadhyay et. al, 2020).
Once the limit is overcome the core begins to contract in on itself, with collapse lasting
less than a second (Freyer & New, 2003). Due to heat generated by the collapse, the iron
making up the core begins to be torn apart by gamma rays through photodisintegration, which
produces helium and neutrons. This allows the inner portions of the core to collapse more
quickly, compressing past the limitations of electron degeneracy pressure by forcing electrons
to combine with protons and form neutrons. During this process, neutrinos are emitted in the
reaction:
) 2 + 3 = 4 + +, .
Although exact calculations vary, each neutrino emitted contains an average of 10 MeV of
energy (Cottingham & Greenwood, 2001). These neutrinos are temporarily contained within
the core, as it collapses more quickly than they can leave it (Janka et. al, 2007).
At the same time as the core itself is collapsing, the layers of the star begin to fall
toward the core, forming a dense gas. As the outer star material hits the core, which is now
made up of primarily neutrons, a shock front is created and the incredibly dense gas interacts
with some of the neutrinos emitted during the creation of neutrons. The energy of these
interacting neutrinos is imparted into the gas, propelling it outward away from the core.
A massive explosion occurs, with the layers of stellar material being thrown from the
core out into space, and many heavier elements are created (Fig. 4). The remaining material
forms a massive cloud called a supernova remnant, which surrounds the newly formed neutron
11

star. This cloud dissipates over time, dispersing into the interstellar medium and providing
elements used in the formation of planets and new stars. The core that remains after this type
of core-collapse supernova is called a neutron star.

Figure 4: Elements produced during a supernova. Open circles mark elements produced without
considering neutrino interaction, closed circles mark elements formed when neutrinos are considered
(Janka et. al, 2007).
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1.6 NEUTRON STAR STRUCTURE
1.6.1

MASS AND EQUILIBRIUM
The mass of a neutron star varies, with the lower limit being the Chandrasekhar limit of

approximately 1.44 M☉ , and the upper limit being likely somewhere between 2.1 and 2.6 M☉
(Luciano et. al, 2018). The upper boundary is called the Tolman–Oppenheimer–Volkoff limit,
and is the maximum mass that can be supported in a stable form through neutron degeneracy
pressure and repulsive nuclear forces. This exact limit has been difficult to pin down due to
extreme physics, and so different models produce varied results.
Neutron degeneracy pressure is similar to electron degeneracy pressure, in that the
Pauli exclusion principle prevents multiple neutrons from having identical quantum states
(Caroll & Ostlie, 2014). Neutron degeneracy pressure therefore supports the core against
further collapse. However, neutron degeneracy pressure can only support an object of up to 0.7
M☉ , and so this process alone wouldn’t allow for a stable neutron star (Douchin & Haensel,
2001).
Making up for that deficiency, the strong nuclear force plays an important role in
supporting the core. Due to the extreme density of a neutron star, neutrons are close enough
to each other that the strong nuclear force acts to repel neutrons from each other, further
providing a counterbalance against the gravitational force (Schmidt et. al, 2020). This allows the
neutron star to remain in equilibrium, with gravity countered by the combination of neutron
degeneracy pressure and the strong nuclear repulsion.

13

However, if the mass is greater than the Tolman–Oppenheimer–Volkof limit, neutron
degeneracy pressure and the repulsive force are overcome by the force of gravity, causing the
object to collapse into a denser form such a black hole or, theoretically, a more exotic object
such as a quark star. This could occur either at the time of supernova for a star more massive
than 25 M☉ , or potentially later if a neutron star accretes matter from a nearby companion
star.

1.6.2

RADIUS AND DENSITY
The radius of a neutron star is typically around 10 km, although this can vary primarily

based on mass (Fig. 5; Özel & Freire, 2016). Most neutron stars have radii between 10 and 15
km. Precise measurements of the radius of a neutron star are difficult to attain and very
dependent on the model used, and so most radii are very approximate.

Figure 5: 68% confidence mass and radius estimates of neutron stars. The left graph consists of neutron
stars in low-mass x-ray binaries, and in the right panel are neutron stars that show thermonuclear bursts
(Özel & Freire, 2016).
14

Assuming an average mass of 1.8 M☉ and a radius of 10 km, the density of a neutron

star is on the order of 8.54 × 10"& kg m2'. This density is on the same order as that of an
atomic nucleus, 2.3 × 10"& kg m2' , which is as expected for an object made up of almost

entirely of neutrons compressed to the point of being held up by neutron degeneracy and
repulsive forces. For comparison, the density of the Earth is on the order of 5.55 × 10' kg m2' ,
indicating that the density of a neutron star is 1 × 10"- times greater than that of the Earth.

However, this is an extremely simplified look at the density, and in reality the density of
the neutron star varies with distance from the core, causing the neutron star to have layers.
Although the boundaries between each layer are not well defined, the layers each have
distinctive properties.

1.6.3

LAYERS
Although a neutron star is believed to be primarily neutrons, there are significant

quantities of ions, protons, and electrons still present as well, and these are especially
important for their role in the pulsar’s wind (Fig. 6).

15

Figure 6: NASA diagram of a neutron star, showing one model of neutron star structure and the layer
densities (NASA Goddard, 2020).

16

Figure 7: Another diagram of potential neutron star structure, including possible explanations for the core
makeup (Haensel et. al, 2007).

The outermost layer of a neutron star is its atmosphere, which can be up to ten
centimeters thick and consists of plasma. However, many of the details of neutron star
atmospheres are incomplete, and so not much is truly known about them despite several
models and theories (Figs. 6 and 7). It’s believed that the atmosphere may contain several
elements retained from the original star, including iron (Bartosik & Bednarek, 2013).
Below the atmosphere are two layers of crust. The outer crust is thin and contains
primarily electrons and ions, and is believed to be solid or partially solid, forming a shell on the

17

surface of the neutron star. The inner crust is a mixture of electrons, ions, and neutrons formed
by the increasing pressure. Part of the inner crust may also be solid, while the neutrons and
nucleons can form a superfluid.
The outer core is primarily made up of neutrons, protons, electrons, and theoretically
muons. The neutrons and protons are theorized to be in a superfluid state, with the electrons
and muons existing as ideal Fermi gases. The superfluid motion of the outer core, and its
interactions with the partially solid inner and outer crusts, is of particular interest in theories
regarding starquakes and pulsar glitching, as well as magnetar behavior.
The detailed description of the inner core is still mostly theoretical, with many models
proposed to explain the equation of state and the composition of the core. Potential
explanations include a primarily neutron superfluid, a pion condensate, a kaon condensate,
hyperons, and a quark-gluon plasma created by neutrons and protons breaking down into their
components. Although each of these outcomes are supported by some evidence in modeling
and experimentation, none of them are believed to be perfect explanations (Haensel et. al,
2007).

1.7

NEUTRON STAR VS PULSAR VS MAGNETAR
If a neutron star is aligned so that its magnetic field axis points toward Earth, then as the

star rotates the energy that is emitted along the magnetic field sweeps across Earth like a
lighthouse beam. This causes the star to brighten and dim periodically, making it appear to
18

pulse. Although there have been discoveries of white dwarf stars that also display this behavior
(Sousa et. al, 2020), and therefore fall under the category of “pulsars”, the vast majority of
pulsars are neutron stars.
It’s likely that all neutron stars are pulsars, but that their magnetic fields aren’t aligned in
a way that causes them to pulse when observed from Earth. Since the beam is much brighter
than the object itself, detection of neutron stars that aren’t pulsars is very difficult. For this
reason, most of the detailed information about neutron stars comes from the observation of
pulsars, and therefore the rest of this discussion will be focused primarily on pulsars.
Another class of neutron stars exists called magnetars, and rarely these objects may also
be pulsars. However, their massive magnetic fields are much more powerful than that of a
standard pulsar, and these magnetic fields cause eruptions in the magnetar’s crust which emit
bursts of incredibly high energies (Fig. 8).

19

Figure 8: A diagram of different types of neutron stars, showing magnetars, pulsars, and neutron stars
that are both (NASA & JPL-Caltech, 2020).
20

1.8 PULSARS
1.8.1 ROTATION
Although angular momentum and mass are both lost in the supernova explosion, the
remaining neutron star retains some of the angular momentum of the original star. Due to its
extremely small radius compared to the original core, a neutron star rotates at incredibly high
frequencies, and likely rotated even more quickly just after its initial formation (Heger et. al,
2020).
Rotation periods vary from as long as 23.5 seconds for pulsar J0250+5854 (Fig. 9;
Manchester et. al, 2005) to as short as 1.4 milliseconds for pulsar J1748-2446ad (Hessels et. al,
2006). An upper limit on the rotation frequency of a neutron star is called the neutron star
break-up frequency, and the exact value is theoretical and dependent on the assumed model
but likely lies between 1 and 3 kHz (Chakrabarty et. al, 2003).
The most rapidly spinning pulsars are called millisecond pulsars. The definition of a
millisecond pulsar varies, but a rotation period of 30 milliseconds or less is a general upper
cutoff. Once thought to be rare, millisecond pulsars have been discovered more and more
frequently in recent years and make up a large percentage of high energy pulsars.

21

Figure 9: Millisecond pulsars of

< 0.03 seconds detected from 1982 to 2020 (Manchester et. al, 2005).

Although a leading theory to explain the rapid rotation of millisecond pulsars is that
they’ve accreted matter from another companion star and therefore increased their rotation
speed, this model has been challenged by the discovery of very young millisecond pulsars such
as J0537-6910 (Fig. 10). Pulsars presumed to have ‘spun up’ in this manner are called recycled
pulsars (Suvorov & Melatos, 2020).
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Figure 10: Millisecond pulsars of < 0.03 sorted by age in years, showing the outlier J0537-6910 at a
calculated age of 4930 years (Manchester et. al, 2005). Binary systems are also plotted to show the overlap
of millisecond pulsars and binary systems. There seems to be no correlation between age and the speed
of rotation within the millisecond category, only that millisecond pulsars are older (with the exception of
J0537-6910, circled in orange.) Excluding J0537-6910, the youngest millisecond pulsar is B1820-30A at
2.55 × 10& years. B1820-30A is itself an unusual pulsar, being the first discovered to be orbiting an
intermediate mass black hole (Perera et. al, 2017).

1.8.2 MAGNETIC FIELD
Stars generate magnetic fields primarily through the motion of plasma within the star, in
a complicated process called a solar dynamo.
The fusion process at the core of a star produces thermal energy, which radiates into the
plasma of the star. This causes the heat to move through the plasma, moving it outward
through thermal radiative pressure and also causing heated plasma to rise, while cooler plasma
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falls toward the center of the star in a circular motion called convection. Stellar plasma is made
up of primarily hydrogen, helium, and free electrons, all of which are highly ionized.
Because of the motion of ionized plasma through convection, a current is generated
which, in turn, creates a magnetic field. The magnetic field prompts more motion of the plasma
as it reacts to the field’s effects, generating more electrical currents and therefore additional
magnetic fields. This complex system causes areas of a star to have magnetic fields that can
become twisted, resulting in cooler areas of the star’s surface such as sunspots.
In addition to convection, the rotation of a star also causes plasma to move, generating
electrical currents that create magnetic fields. For this reason, a star’s primary magnetic field is
aligned with its poles, perpendicular to the plane of rotation. However, this field can be warped
by convective fields, creating effects that result in the flipping of magnetic poles. In the sun, this
cycle lasts 11 years.
In a more massive star, convection is thought to account for less of the star’s magnetic
field due to the stability of the surface of the star, making it difficult for magnetic fields to reach
the surface and resulting in smaller magnetic field. However, it’s likely that dynamo processes
are still possible and responsible for the observed magnetic fields (MacDonald & Mullan, 2004).
Massive stars of the O and B types, which are the classes that result in pulsars, typically have
magnetic fields on the order of 100-300 G (Briquet, 2015).
In contrast, pulsars possess massive magnetic fields, ranging in intensity from
4.5 × 10& G for pulsar J1938+2012 to 2.06 × 10"0 G for pulsar J1808-2024 (Manchester et. al,

2005). Magnetar magnetic fields range from 6.1 × 10" G for the magnetar SGR 0418+5729 to
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2.06 × 10"0 G for the magnetar SGR 1806-20, making the latter the most highly magnetized
natural object currently known to exist (Olausen & Kaspi, 2014). Magnetar SGR 1806-20 is the
same object as pulsar J1808-2024, and is one of the six known pulsars that are also magnetars.
Currently, the origin of the magnetic field of a pulsar is not well known. A few theories
exist, including the conservation of the original star’s magnetic field being amplified by change
in size, as well as the motion of charged particles on the neutron star’s outer core inducing
electric currents that in turn produce a magnetic field (Reisenegger, 2003).
For the first theory, the idea is that the field of the originating star is retained by the
pulsar, but due to the change in size of the object the magnetic field increases because of
conservation of magnetic flux. Magnetic flux is:
= = 1> cos B .
For a typical B1-B0 star, assuming 1 = 200 G,

(7)
= 6.42 R ☉ , and B = 0 for

simplification, this calculation results in a flux of 1.04 × 100 G R ☉ . Using that flux and solving

for a neutron star with a radius of 1.4 × 1020 R ☉ (10 km), the resulting B field is approximately
4.2 × 10"' G. This is solidly within the range of observed magnetic fields from pulsars (Silaj et.
al, 2014).
For the second theory, it’s possible that a neutron star has a dynamo process of its own
through a combination of rotation and convection. Although the pulsar isn’t generating heat
through fusion, the core is still extremely hot due to both the high pressure and the remaining
heat from the core collapse, and so thermal energy can radiate through the star. Since a
neutron star is primarily neutrons, the generation of an electric current is limited. If it occurs at
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all, it’s likely in the outer core and liquid portions of the inner crust, both of which contain free
electrons. However, the resulting magnetic field would likely be very weak, and not account for
the massive fields pulsars are known to have (Reisenegger, 2003).

Figure 11: Diagram showing the pulsar magnetic field lines, axis of rotation, and offset beam (Lorimer &
Kramer, 2005).
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For all known neutron stars, the magnetic field axis is offset from the rotational axis,
likely due to a combination of factors (Fig. 11). Without an offset magnetic field there’s no
pulsing activity, and so unless the beam was pointed directly toward us this would be a faint,
difficult to observe source; therefore our lack of observations of aligned magnetic fields may be
a result of observation bias. Additionally, magnetic fields in stars are not perfect dipoles, and
are instead warped slightly so that the north and south poles aren’t exactly opposite of each
other, with convective motion causing further warping. It would therefore be very unlikely for a
magnetic field to perfectly align with the rotation axis of a star. This misalignment is commonly
seen in planets as well, with magnetic fields being off-axis by 47 degrees in the case of
Neptune, and an even greater 58.6 degrees in the case of Uranus.
The rotation period of a pulsar shows correlation with the magnetic field strength.
Millisecond pulsars show weaker magnetic fields than pulsars with larger periods, believed to
be a result of ‘burying’ the magnetic fields under accreted matter as predicted in the recycled
pulsar model (Suvorov & Melatos, 2020). However, J0537-6910 is an outlier amongst
millisecond pulsars in both age and magnetic field strength, showing that it’s possible for a
millisecond pulsar to have a massive magnetic field (Fig. 12, 13, and 14).

27

Figure 12: Pulsars plotted as a function of surface magnetic field and rotation period, showing the
correlation between small rotation period and weaker magnetic fields. High energy pulsars include hard
x-ray and soft gamma-ray sources. Circled outlier is J0537-6910. Chart axes plotted logarithmically to
better show distribution (Manchester et. al, 2005).
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Figure 13: Millisecond pulsars plotted as a function of surface magnetic field and rotation period, showing
the correlation between small rotation period and weaker magnetic field. High energy pulsars include
hard x-ray and soft gamma-ray sources. Circled outlier is J0537-6910 at 9.25 × 10"" . Lowest plotted
magnetic field is 4.5 × 10& for pulsar J1938+2012. Chart axes plotted logarithmically to better show
distribution (Manchester et. al, 2005).
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Figure 14: Pulsars plotted as a function of surface magnetic field and rotation period, limited to pulsars
discovered in one of Fermi-LAT’s surveys, indicating these are gamma-ray sources and showing the
correlation between low magnetic field and small rotation period with a distinctive gap. Does not include
gamma-ray pulsars detected first by other surveys and later found to emit in gamma. Chart axes plotted
logarithmically to better show distribution (Manchester et. al, 2005).

1.8.3 SPINDOWN
As a pulsar rotates, it loses rotational angular momentum and some mass through the
emission of a pulsar wind. This mass and energy loss results in a slowing of the pulsar’s rotation
and therefore its pulses, with this change in period called the pulsar’s spindown. The spindown
of the pulsar is predictable and calculatable, and allows for precise predictions of the pulsar’s
spin.
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Spindown is measured as a function of the change in period over time:
F =

G

,

(8)

where F is the resulting spindown in unitless form. There are other methods of calculating
spindown by taking the derivatives of energy or rotational velocity, and so spindown may be
represented in many different ways.
Spindown can be found by measuring the difference in period or calculated directly if
the energy outflow is known. One method of doing the latter is through observation of the
pulsar’s surrounding pulsar wind nebula and supernova remnant, and using observations of its
luminosity to estimate the energy lost from the pulsar. Calculations based on luminosity are
only approximate, because they don’t account for energy lost to non-luminous processes, or for
interactions between the supernova remnant and interstellar matter. The calculation based on
luminosity is:
F =

H '
.
4I J

(9)

Spindown can also be used to calculate the age of the pulsar if a few assumptions are
made. If it’s assumed that
supernova and

K

≪

, where

K

is the initial period of the pulsar just after

is the current period of the pulsar, then the age can be approximated by

(Jiang et. al, 2013):
M=

2 F
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.

(10)

However, this is only accurate for older pulsars, due to the assumption that the current
period is much less than the initial period, indicating a significant loss of rotational energy
through spindown.
A correlation exists between spindown and the period, indicating that a higher
spindown results in a larger period of rotation, as would be expected (Fig. 15). Millisecond
pulsars have particularly small spindowns on the order of 1 × 102

"

to 1 × 102"& , with the

notable exception of millisecond pulsar J0537-6910 which has a spindown of 5.18 × 102"- .
However, J0537-6910 is also a very young pulsar, and so may not have had time to lose enough
speed to show the pattern expected of pulsars with large spindowns (Fig. 16).

Figure 15: Pulsars plotted as a function of spindown and rotation period, showing the correlation between
high spindown and large period. Chart axes plotted logarithmically to better show distribution
(Manchester et. al, 2005).
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Figure 16: Millisecond pulsars of < 0.03 plotted as function of spindown vs period, showing the outlier
J0537-6910. The x-axis is plotted linearly, but the y-axis is logarithmic to better show the distribution
(Manchester et. al, 2005).

1.8.4 GLITCHING
Although the timing of a pulsar’s pulses is extremely uniform when spindown is taken
into account, pulsar ‘glitches’ were discovered in 1969 by researchers at both Parkes
Observatory and the Goldstone Deep Space Communications Complex during observations of
the Vela pulsar (Manchester, 2018). Occasionally, the pulsar’s rotation speed would, instead of
slowing as predicted by spindown, suddenly speed up for a time before relaxing back down to
its expected rotation speed (Fig. 17).
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Figure 17: Two graphs of the detection of the Vela’s pulsar’s glitch. The left graph is the observations from
Parkes Observatory, and the right graph is the same event from Goldstone. Both show the trend of
increase in rotation period, until suddenly the pattern breaks and the pulsar’s rotation period temporarily
decreases (Manchester, 2018).

These glitches were soon discovered in other pulsars, although the explanation for the
process is still under debate. A total of 191 pulsars have been recorded to show a least one
glitch (Espinoza et. al, 2011).
The current prevailing theory for glitching behavior in pulsars is that the superfluid layer
of the pulsar, due to lacking friction, is able to store up momentum during rotation. Eventually,
this superfluid interacts with the inner layer of the non-superfluid crust, causing a snag in which
the superfluid transfers its momentum to the crust of the star. This causes the crust to jerk,
pulling the entire neutron star temporarily into a faster rotation, although the pulsar soon
returns to its originally observed rotation period.
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If this is the correct explanation for the glitching behavior of pulsars, then it can tell us
more about the pulsar’s properties. Because the increase in rotation would depend on the
momentum stored in the superfluid, as well as the interaction between the superfluid and the
crust, there are limitations based on the mass of the star. For this reason, the largest glitches
observed in a pulsar can be used to set an upper limit for the mass of the pulsar (Fig. 18;
Pizzochero et. al, 2017).

Figure 18: A sample of 17 pulsars that display many glitches, allowing for not only an upper limit but a
lower limit to be calculated. The smaller the pulsar, the larger the glitch. J0537-6910 has only upper limits
due to its largest glitch being its first, and so its behavior isn’t well known at those limits. It also displays
unusual glitching behavior in that glitches are predictable and much more prevalent than in other pulsars,
and so other mechanisms may be a factor (Pizzochero et. al, 2017).
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Although superfluid models predict certain types of glitching well, other glitches may be
caused by other mechanisms. One of these explanations is starquakes, in which strain forms in
the crust of a pulsar as the crystalline structure of the crust becomes desynched from the
rotation of the superfluid interior. As stress builds up due to the mismatch, eventually the crust
cracks and reforms into a new structure matching the current rotation speed of the pulsar. This
model can be combined with the superfluid model, theoretically producing glitches that are a
combination of both types (Haskell & Melatos, 2015).
Starquakes were found to have a predictable pattern for pulsar J0537-6910, allowing the
next glitch to be precisely determined (Middleditch et. al, 2006). However, no correlation has
been found between starquake models and observed glitches in other pulsars, indicating the
model is flawed or J0537-6910 displays unique behavior, the latter explanation supported by
J0537-6910’s unusual features in other areas (Haskell & Melatos, 2015).

1.9 PULSAR WIND AND PULSAR WIND NEBULA
In addition to rotational energy lost during spindown, a young pulsar may also lose some
mass in the form of charged particles, particularly electrons. This outflow travels along the axis
of the magnetic field as a part of the pulsar’s beam as well as emitting freely from the equator
of the pulsar (Gaensler & Slane, 2006), which interacts with the supernova remnant
surrounding the pulsar. This interaction sparks a complex process that forms a pulsar wind
nebula (PWN; Fig. 19).
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Figure 19: SNR G21.5-0.9, showing the pulsar J1833–1034 in the center. The bluish gas is the supernova
remnant, and the white cloud surrounding the pulsar is the pulsar wind nebula (Gaensler & Slane, 2006).

As the pulsar’s wind interacts with the remaining material from the SNR, the pressure of
the pulsar wind causes a shock front to occur in the supernova remnant as the gas is
compressed. This creates a ring that surrounds the pulsar and its pulsar wind, called the
termination shock (Fig. 20).
At the outer edges of the SNR, the SNR interacts with interstellar gas in the surrounding
area to create a second shock, this time at the edges of the SNR. This second shock is made up
of a forward shock and a reverse shock; the forward shock is caused by the pressure of the SNR
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against the interstellar material, and the reverse shock is the result of the particles in the SNR
experiencing sudden deceleration from the impact.
The reverse shock bounces back and travels through the SNR toward the pulsar,
interacting with the newly formed PWN. This causes the PWN to have two boundaries, one at
the inner edge near the pulsar, and one at the outer edge between the PWN and the rest of the
SNR (Slane, 2017).

Figure 20: The Vela pulsar shown in X-ray as imaged by the Chandra X-Ray Observatory. The pulsar is the
bright point in the center of the rings, with the inner ring forming the termination shock of the pulsar wind
nebula. The outer ring is called the torus and may be the result of the reverse shock (Corcoran, 2012).
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Due to both the pressure of the reverse shock from the SNR, and the pressure of the
energized particles in the pulsar wind, the PWN is compressed and heated. The PWN may emit
in the entire spectrum from radio through gamma rays, although some PWN are only seen in
particular bands, especially if they’re older. Typical mechanisms for emission from a PWN are
synchrotron radiation, Bremsstrahlung radiation, inverse Compton scattering, and the decay of
pions (Bartosik & Bednarek, 2003). These processes result in different energy emissions, and
which process prevails varies based on the age and structure of the PWN and SNR.

1.10 GAMMA RAYS FROM PULSARS AND PULSAR WIND NEBULA
In the electromagnetic spectrum, the highest energies and shortest wavelengths are
gamma rays. In gamma-ray astronomy, gamma rays are defined as having a minimum energy of
100 keV, or a maximum wavelength of approximately 1.2 × 102"" m. Despite these incredibly
high energies, many astronomical objects emit gamma rays to some extent, including some
pulsars, PWN, and SNR.
As of April 2020, there were 253 confirmed gamma-ray pulsars detected by Fermi-LAT
(Ray, 2020). There are 2872 known pulsars in the ATF catalog (Manchester et. al, 2005), which
indicates approximately 8.8% of pulsars emit gamma rays.

39

Although the exact mechanism for gamma-ray emission from pulsars isn’t known, the
prevailing theory is inverse Compton scattering in the magnetic field of the pulsar (Harding,
2001). Inverse Compton scattering is the process of accelerating a photon to high energies due
to the impact and transfer of momentum from an electron. This occurs when an electron at
relativistic energy scatters off a photon, imparting energy and accelerating the photon to a
higher energy and shorter wavelength (Fig. 21).

Figure 21: A diagram of inverse Compton scattering. The incident electron and photon are labeled in red,
with the resulting low energy electron and accelerated photon labeled in blue (Wright, 2015).
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The magnetic field of a pulsar accelerates particles from the pulsar’s surface to
extremely high energies, and these high energy particles can collide with existing X-ray or lower
energy photons to accelerate them into gamma rays (Harding, 2001).
Pulsar Wind Nebulae have been detected at extreme energies by both the Fermi
Gamma-ray Space Telescope (Fermi) and the High Energy Stereoscopic System (HESS). These
extreme energies are also believed to be the result of inverse Compton scattering, causing the
acceleration of photons. Inverse Compton scattering in a PWN occurs primarily during
interaction of the PWN and SNR with the cosmic microwave background radiation (CMB) and
can result in a massive acceleration of photons in the pulsar wind nebula, leading to the
incredibly high energies detected by Fermi and HESS. Pion decay may also account for a small
amount of the gamma-ray emission.
Some PWN are known to emit only in gamma rays and are quiet at other frequencies.
The age of a PWN and its associated pulsar are believed to be the reason for this, as the
proportion of synchrotron emission falls relative to the proportion of inverse Compton
scattering as the pulsar ages, causing emission in the lower energy ranges to drop off the older
the system is (Bednarek & Bartosik, 2003). For this reason, older PWN may emit in the gammaray range but be quiet in the lower energy ranges, such as 4FGL J1303.0-6312e/HESS J1303631, which emits only in gamma rays and hard x-rays (H.E.S.S. Collaboration et. al., 2012). This
PWN is likely associated with the pulsar J1303-6305, which is approximately 1.1 × 10- years
old, although it may be slightly older (Sushch et. al, 2015).
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Synchrotron emission, in which relativistic electrons radiate energy due to a change in
radial velocity caused by a magnetic field, and to a lesser extent Bremsstrahlung radiation
caused by the interaction of charged particles with an atomic nuclei, are primarily responsible
for emission from radio to soft gamma rays in both pulsars and PWN (Bykov et. al, 2012).
In rare cases, some gamma-ray emission is believed to be caused by magnetic
reconnection in a PWN. Magnetic reconnection occurs when magnetic fields lines in a plasma
suddenly realign, breaking and reforming into new field lines (Shea, 2018). This process can
convert magnetic energy into thermal and kinetic energy, causing extreme heating or the
acceleration of particles (Princeton Plasma Physics Laboratory, 2011).

1.11 THE CRAB NEBULA
1.11.1 DISCOVERY AND PROPERTIES
The Crab Nebula is one of the most famous and well-studied astronomical objects,
holding the designation M1 as the first object in Messier’s catalog. The Crab Nebula is a
supernova remnant containing an active PWN as well as the pulsar PSR J0534+2200.
The Crab Nebula was officially discovered in 1731 by John Bevis, however in 1928 Edwin
Hubble theorized that the Crab Nebula may have been the remnant of a supernova observed
and recorded in 1054 AD. This supernova was seen and recorded in detail in China, and also
appears in records from Japan and potentially Europe. The connection between SNR 1054 and
the Crab Nebula was later confirmed by subsequent investigations of the position of the nebula
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in relation to the historical records, calculations of the expansion rate of the nebula, and type of
emission observed (Mayall & Oort, 1942). This means that the exact age of the Crab Nebula, its
PWN, and PSR J0534+2200, are all known and provide a rare opportunity to study the evolution
of the entire system. Since the associated supernova was observed to occur in 1054, the nebula
and its components are approximately 967 years old.
Being such a young and bright system, the Crab Nebula has been extensively studied
since its discovery in 1731. All portions of the system emit across the entire electromagnetic
spectrum, including the 2019 discovery that the Crab Nebula had emitted energies above 100
TeV (Amenomori et. al, 2019) making it the first known astronomical source to emit in that
energy range.

43

Figure 22: The Crab Nebula in different wavelengths, excluding gamma rays. The x-ray image, shown here
in pink/purple, clearly shows the structure of the PWN and the core pulsar (NASA et. al, 2017).

Although the supernova was seen in 1054 and the nebula discovered in 1731, the Crab
pulsar wasn’t identified as a pulsar until 1968 (Lovelace & Tyler, 2012). The Crab pulsar is a 33millisecond pulsar, and the pulsations can be seen in both the radio and optical bands. Emission
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from the Crab pulsar can be observed from radio through gamma rays (Ray, 2020; Fig. 22). This
source has been observed in such fine detail that time-lapse images exist of the effect of
emission from the pulsar wind into the PWN (NASA et. al, 2002).

1.11.2 FLARES
In April 2011, the Crab Nebula flared at an energy of 100 MeV, 30 times its average
emission at that energy (Fig 23; Reddy, 2017). The main theory proposed to explain this
behavior is magnetic reconnection (Sironi & Cerutti, 2017) as electrons were accelerated to
incredibly high energies which then causes them to radiate. Radiation produced in this manner
is actually synchrotron radiation, but at higher energies than allowed by the synchrotron
radiation reaction limit, due to the extreme processes of magnetic reconnection (Cerutti et. al,
2013.)
A similar mechanism proposes that the synchrotron limit can be surpassed by the
sudden rapid acceleration of particles upon impact with a shock front (Kirk & Giacinti, 2017)
and the subsequent effect of that shock front’s magnetic field (Cerutti & Giacinti, 2020). This
could produce electron energies greater than the synchrotron radiation limit of approximately
50 MeV (Kumar et. al, 2012).
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Figure 23: The Crab Nebula observed in gamma rays, showing the average brightness in comparison to
the bright flare state in April 2011. The other bright source is the nearby pulsar Geminga, which is not
associated with the Crab Nebula. (Reddy, 2017).

In addition to the flare in April 2011, another large flare occurred in March 2013 and
many smaller flares have also been observed (Fig. 24; Arakawa et. al, 2020). These are also
theorized to be the result of synchrotron radiation above the usual limit, explained by magnetic
reconnection, interaction between relativistic particles and the shock front, and pockets of
highly magnetized areas. Doppler boosting and other relativistic effects may also contribute to
some flares that would require greater magnetic fields than observed (Arakawa et. al, 2020).
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None of these flares corresponded to any known glitches, making it unlikely that the
process of flaring is related to whatever mechanism is ultimately responsible for glitching in the
Crab pulsar (Sironi & Cerutti, 2017).

Figure 24: Light curve of emission from the Crab Nebula in the 100 MeV to 500,000 MeV energy range,
over a time span of August 8th 2008 to November 11th 2015 in 5-day bins. Green lines mark previously
known reported flares, with blue lines marking newly discovered minor flares. The April 2011 flare is
marked in green and is the third green line from the left (Arakawa et. al, 2020).
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1.12 FLARING IN OTHER PULSARS?
Theoretically, if the flaring observed in the Crab Nebula is caused by a natural process of
interaction between the pulsar and PWN, such as magnetic reconnection, this phenomenon
should occur in other PWN. However, no other flaring events have been confirmed in
observations of other pulsar wind nebula.
However, because the Crab Nebula is a very young and bright pulsar, it’s possible that
flaring behavior would only occur in similar pulsar/PWN systems with the correct conditions,
limiting the potential options for observation. For this reason the pulsar wind nebula N 157B
was chosen to be analyzed, due to its relatively young age of 4930 years and close proximity to
its central pulsar.

1.13 N 157B AND J0537-6910
PSR J0537-6910 is located at RA = 84.4444, Dec = -69.1714 at a distance of 49.6 kpc in the
region of 30 Doradus within the Large Magellanic Cloud (LMC; Ho et.al, 2020). Its pulsing
emission can be seen in x-ray and to the soft gamma-ray range, up to around 60 keV
(Manchester, 2018). This pulsar is estimated to have a maximum mass of approximately 1.3
M☉ , based on the magnitude of its largest glitch event (Pizzochero et. al, 2017).
J0537-6910 is known for being the pulsar with the largest spindown (Ho et.al, 2020) at
PF = 5.18 × 102"- , and EF = 4.9 × 10'/ erg s 2" (Manchester et. al, 2005). Additionally, this is a
young pulsar at just under 5000 years old, so it likely has an active pulsar wind. This, combined
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with the overall massive spindown, means this pulsar is giving off huge amounts of energy into
its surrounding PWN. J0537-6910 is also the pulsar with the most known glitches (Table 2;
Manchester, 2018).

Table 2: A sample of J0537-6910’s glitching activity from an analysis done in 2014 (Kuiper & Hermsen,
2015). Here the spindown is given in change of velocity RF . J0537-6910 has continued to glitch reliably in
the years since this table was published, with 45 recorded glitches by March 2021 (Espinoza et. al, 2011).
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In addition to plentiful glitches, J0537-6910 has been discovered to have starquakes
which directly correlate with its glitch events and can be used to predict them (Middleditch
et.al, 2006). This is the only known pulsar in which a correlation between starquakes and glitch
events has been recognized (Haskell & Melatos, 2015).
J0537-6910 also shows a correlation between the size of the glitch and the waiting
period before the next glitch (Haskell & Melatos, 2015). Additionally, an emerging link between
spindown and glitch behavior (Yuan et. al, 2019) may explain J0537-6910’s position as both the
pulsar with the most known glitches (Manchester, 2018) and the pulsar with the highest known
spindown.
J0537-6910 is one of the youngest pulsars known, with only 19 pulsars being younger,
one of those being the Crab pulsar. J0537-6910 is the youngest millisecond pulsar by a
magnitude of four; J0537-6910 is 4.930 × 10' years old, with the next youngest millisecond
pulsar being B1820-30A at 2.55 × 10& years (Manchester et. al, 2005). This indicates that

J0537-6910 is not a recycled pulsar, which is the prevailing theory to explain millisecond
pulsars, and therefore J0537-6910 must have a different mechanism to explain its rapid spin.
J0537-6910 also differs from other pulsars of its type in both magnetic field strength and
spindown relative to its rotation speed. Among millisecond pulsars, J0537-6910’s magnetic field
is 9.25 × 10"" G, nearly two magnitudes greater than the next most highly magnetized pulsar
J1841+0130 at 1.58 × 10"K G, and its spindown of 5.18 × 102"- is four magnitudes greater

than the pulsar with the next highest spindown, again J1841+0130 at 8.17 ×
102"/ (Manchester et. al, 2005).
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J0537-6910 is associated with the pulsar wind nebula N 157B, which is located at RA =
84.45542, Dec = -69.8953, just 0.008 degrees offset from J0537-6910. N 157B emits in gamma
rays and is therefore listed in Fermi’s 4FGL catalog as 4FGL J0537.8-6909 (Abdollahi et. al,
2020). This is a young pulsar wind nebula which emits from radio through gamma rays, similar
to the Crab Nebula.
N 157B has an integral flux of 1.2498 × 102S photon cm2 s 2" between 1 and 100 GeV,
and a detection significance of 17 sigma. A 5-sigma significance indicates a valid, significant
source, and so N 157B is well above this limit. However, it is much less significant than the Crab
Nebula, which has a significance of 27.8 sigma. This is due to the extreme difference in
distances from Earth to each PWN; the Crab Nebula is approximately 2 kpc from Earth, whereas
N 157B is in another galaxy 49.6 kpc from Earth.
Despite the unusual behavior of J0537-6910, N 157B is still one of the most Crab-like PWN
available for observation in the gamma-ray range, and so is the best first choice for
investigating potential gamma-ray flares.
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CHAPTER 2
2.1 DATA ACQUISITION AND ANALYSIS TOOLS
2.1.1 FERMI GAMMA-RAY SPACE TELESCOPE
The Fermi Gamma-Ray Space Telescope was launched at 12:05 pm EDT on June 11th,
2008 (NASA Goddard, 2016) with an expected mission length of five years and an extended
mission date of ten years (Reddy, 2013). However, Fermi has far exceeded that expected
mission, and is into year twelve of observations. The only mechanical failure that Fermi-LAT has
experienced occurred March 16, 2018, when one of the solar arrays became stuck and couldn’t
rotate to collect solar power (NASA Goddard 2018). A modification of the satellite’s position to
allow the stuck panel to gather sunlight allowed observations to resume less than two weeks
later (Chou, 2018) and as of March 2021 Fermi continues its mission.
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Figure 25: Fermi Space Telescope schematic, showing the size of the satellite and its instruments (NASA,
2008). Until August 2008, this telescope was called the Gamma-Ray Large Area Space Telescope (GLAST)
before being renamed as the Fermi Gamma-Ray Space Telescope. The name GLAST is still occasionally
used.

Fermi contains two main instruments, the Large Area Telescope (LAT) and the GammaRay Burst Monitor (GRBM). The two instruments allow for observations at different but
complementary energy ranges, optimized for the particular types of sources they’re meant to
observe (Fig. 25).
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The LAT is the main instrument, observing from 30 MeV to 300 GeV. Angular resolution
of the LAT is about one arcminute, or approximately 1.7 × 102 degrees, so nearby sources can
be well-resolved but distant sources lack fine details (NASA Goddard, 2020). For comparison,
the Chandra X-Ray Observatory has an angular resolution of less than an arcsecond on axis, or
approximately 2.78 × 102- degrees (Weisskopf, 2012).

Vela Pulsar

Crab Pulsar
LMC

Figure 26: The 5-year Fermi all-sky map, showing sources of 1 GeV (NASA Goddard, 2019) or greater with
the LMC, Vela pulsar, and Crab pulsar indicated.

The GRBM observes in lower energies, from 20 keV to 30 MeV, and as its name suggests
its primary mission is to observe gamma-ray bursts.
Fermi is the best satellite of choice for low to medium energy gamma-ray observations,
with HESS, a ground-based observatory in Namibia, observing in the range of 0.03 TeV to 100
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TeV. Often both Fermi and HESS are required to fully understand the gamma-ray spectra of an
object, and discoveries by one of the observatories may lead to discoveries in the other.

2.1.2 DATA ACQUISITION
Fermi data is open to the public for any researchers to work with and is accessed
through the data server at https://fermi.gsfc.nasa.gov/ssc/data/access/. The server allows for
several parameters to be included in a data request.

Figure 27: Data query options. The drop down menus include coordinate options for J2000, B1950, and
Galactic, time system choices for Gregorian, MJD, and MET, and data types photon, extended, or none.
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Searching for an object by name is usually enough, provided the object searched for is in
one of the catalogs used by the server. SIMBAD, NED, and HEASARC are used to locate an
object (NASA Goddard, 2013). However, if the object can’t be located by name, a coordinate
search is available in the J2000, B1950, and Galactic coordinate systems.
The search radius is typically large when doing observations, due to the poor angular
resolution. 15 degrees is considered the default option, although this can be changed.
Observation dates can be specified in three different time systems. Mission Elapsed
Time (MET) is commonly used if observing over the entire range of data, so as to avoid any
conversion errors between date systems. The data server begins at MET 239557417, which
corresponds to August 4th, 2008. The first two months of operation were used to calibrate and
test the system’s instruments.
The energy range can be specified, but there are limitations both in terms of the data
Fermi has collected and in terms of data processing. Below 100 MeV there is a high risk of
systematic error due to energy dispersion (NASA Goddard, 2018). It’s also advised to remain
below 1 TeV due to a lack of validation at this high energy range. Since analysis tools allow for
specifying energy levels later in analysis, it’s common to query the server for a wider energy
range than may actually be used.
The data type options are photon, extended, and none. The options correspond to
different standards used to optimize the data. Photon is the typical choice, although
“extended” includes transient-class events that may occur over short timescales, such as
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gamma-ray bursts (NASA Goddard, 2018), with the tradeoff being a lack of sensitivity and high
background noise. Extended should therefore only be used for extremely bright sources.
Spacecraft data includes information about the orientation and activity of the satellite at
particular times, which allows for excluding events during which data may be unreliable due to
a solar flare or instrument malfunction.

2.1.3 DATA FITTING
The data fitting process is done through the use of FermiTools (NASA Goddard, 215), a
software package specifically designed to work with Fermi data. The FermiTools are typically
run through a terminal on a Linux machine, but through integration with a python package
called FermiPy (Fermipy Developers, 2016), data analysis can be done in python notebooks. For
my analysis I used FermiPy, run on the python service Jupyter Notebook. Although FermiTools
and FermiPy have been updated to work with Python 3, Python 3 has deprecated some
portions of python code used in FermiPy, and so Python 2.7 was used to avoid these issues.
Data analysis begins with the production of the maps, using gta.setup. These include the
following (NASA Goddard, 2020):
• Counts map, which is the number of photons seen within the energy range at each
particular location, with the resolution specified by the user.
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• Livetime cube, which calculates the angles and times of observation, creating a 3D
image of the area of observation.
• Exposure map, which calculates the time of observation for a particular area. This is
especially important for extended sources.
• Model/Source map, which compiles known sources in the region of interest and
computes their parameters, resulting in both a model map and an xml source list.
Some finer processes are also included in gta.setup, such as gtmktime, which accounts
for times of observation that may have produced bad data due to spacecraft position, solar
activity, and other interference.
Specifications for gta.setup are given by a configuration file created by the user, which
includes the energy range, time range, radius of observation, which models to use, and many
other parameters (Fermipy Developers, 2016). This allows for data analysis to be done to
specifications even if the original data files include more data than necessary.
Although most of the above maps are created using the data observed, the source map
is created as a combination of the region of interest and the known sources in that area. Those
sources are retrieved from the specified Fermi catalog.
Fermi has several catalogs of data, processed at different points during the Fermi
mission. The latest catalog is 4FGL-DR2, using ten years of data observations. Data analysis on
the catalog is identical to the analysis done on 4FGL, just with an extended time span (Ballet et.
al, 2020). This catalog contains known gamma-ray sources, and is considered an update to the
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existing 4FGL catalog in that new significant sources were added but no previous 4FGL sources
were removed. This is in contrast to the typical procedure for new catalogs, in which data is
reprocessed and only significant sources in the new analysis remain, such as occurred during
the change from 3FGL to 4FGL.
During the generation of the source map, the region of interest (ROI) is matched to the
sources appearing in the selected catalog, and a list of these sources and their information is
automatically created as an xml model file. The resulting xml model can be modified to add,
remove, or change the type of sources. This is especially important when modeling an
unidentified source, or in more complex analysis of an extended source. Point sources are
typically not modified, other than to be removed or added to the model for testing purposes.
Processing of Fermi observations require background models used to filter out diffuse
background sources from the Milky Way. The current model for this is the Pass 8 Source model,
with the galactic interstellar emission model being gll_iem_v07. This model accounts for
background emission from the Milky Way, so that sources can be analyzed without
contamination from unrelated background noise. However, just as with any other model this
doesn’t guarantee that a source is free of background—or foreground—noise from the Milky
Way or other sources.
Optimizing the fit compares the sources to the background model by analyzing the
observed photon counts with and without the modelled sources, determining the likelihood
that each source exists. This likelihood fit is a description of how well the model fits with the
observed source. A higher likelihood indicates a better match between the model and the
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observed counts (NASA Goddard, 2018). Optimization is often run a few times, in order to give
the best fit. A poor fit returns an error, indicating a significant mismatch between the model
and the observation, although this is rare unless testing is being done with a modified model.
The next step in the analysis is to determine the significance of observed sources. The
test statistic (TS) is a determination of how significant a source is, indicating whether this
should be considered a real and valid source or if it’s just background noise. The TS is calculated
by comparing the maximum likelihood given when no source is assumed to exist with the
maximum likelihood calculated with the source present. The equation is given as:
X=

2 ln Z

H[\],K
^,
H[\],"

(11)

where H[\],K is the maximum likelihood with no source and H[\]," is the maximum likelihood
with the source included (NASA Goddard, 2018). The square root of the TS result is
approximately the sigma significance. A TS of 25 for an object with two degrees of freedom
corresponds to 5 sigma certainty, or a 1 in 3.5 million chance of being random noise. A TS of 25
is the required threshold for a significant detection in Fermi-LAT analysis. There are many
sources, such as Triangulum, in which the location of the source is very well known but the
gamma-ray emission is so faint that minimum threshold for analysis isn’t met. Typically, low TS
results aren’t due to a poor fit, but due to a low signal-to-noise observation. Often these are
sources that don’t emit much in gamma rays, are very far away, or both.
Once the likelihood fitting has been done and a significant source has been established,
another tool to use is to create a residual map. This is a visual representation of the match—or
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mismatch—between a model and a counts map. Subtracting the model from the counts map
(Fermipy Developers, 2016) would, if they were a perfect match, create a residual map that
displayed a uniform zero result. However, if there is a mismatch, then the residual map will
show the difference and its location. In a residual counts map, the result shows the remaining
counts. In a residual significance map, the result shows the sigma significance of the mismatch.
Some excess counts and low significance results are expected because counts and models are
rarely perfect matches. However, large residuals are an indication of poor modeling, a mistake
in the data analysis, or a source that shows greater or lesser emission than expected (Fig. 28).

Figure 28: An example residual map, showing the significance of mismatches between the counts and
models map in the region of pulsar wind nebula 4FGL J1303.06312e. This residual map shows significant
differences between the counts and model maps, dark blue where the counts map showed fewer photons
than predicted and dark red where more counts were observed. White portions of the residual map, such
as the location of 4FGL J1256.1-5919 toward the center-top of the graph, show 0-sigma differences that
indicate a close match between the observed counts and the model.
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2.1.4 SPECTRAL ENERGY DISTRIBUTIONS
Spectral Energy Distributions (SEDs) are useful graphs in analyzing the output of a
source, and are distinctive for the types of sources observed.
SEDs are graphs of emission versus energy and show the intensity of emission at each
energy range (Fig. 29). By observing these outputs, not only can the object often be identified
by its distinctive shape, but knowledge can be gained about the mechanisms by which the
energies are being produced.

Figure 29: Example SED of PSR J1932+1916 showing the distinctive curve of a pulsar, modeled as a Super
Exponential Cutoff Power Law fit (Abdollahi et. al, 2020). This is a standard fit model for gamma-ray
pulsars.
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Figure 30: SEDs for RCW 86 and CTB 109 (Abdollahi et. al, 2020). RCW 86 was recently discovered to have
been the result of a type Ia supernova (Williams, 2011). Although RCW 86 is not a pulsar wind nebula, the
SED of RCW 86 shows a PWN-like increase due to high emission in gamma rays likely caused by inverse
Compton scattering or pion decay (HESS Collaboration, 2009). CTB 109 is a supernova remnant that’s
approximately 1.4 × 10- years old, and emission from this supernova remnant is primarily in the x-ray
spectrum. There is no indication of a pulsar wind nebula associated with this source, but this SNR is linked
to an x-ray pulsar (Sasaki et. al, 2013).

Figure 31: SED for pulsar wind nebula HESS J1825-137 (Abdollahi et. al, 2020), displaying high emission at
low energies with a minimum at just under 1 GeV, and then emission beginning to increase with the
energy. This PWN is associated with a 2.14 × 10- year old pulsar PSR B1823-13 (Duvidovich et. al, 2019).
Note the similarity between this PWN’s SED and SNR RCW 86 in the previous figure.
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In a gamma-ray PWN, an SED typically shows high emission at 100 MeV or slightly
higher, then the emission falls to a minimum at a point between approximately 1 and 10 GeV
before beginning to steadily increase at higher and higher energies. The emission at
exceptionally high energies is likely due to inverse Compton scattering (Fig. 30 and 31).

2.1.5 LIGHT CURVES
Light curves are extremely useful in looking for variability in an object, and can detect
short events, long-term changes, and periodic variation. With 12 years of data, patterns can be
established for objects even if their behavior may be intermittent or long-period.
However, light curves are subject to major limitations with Fermi data, particularly if the
source is faint. A source with an overall TS value high enough to be valid may not show valid
data when split into smaller time bins, due to the limited number of photon observations per
bin. Therefore the shorter the bin, the less likely the observations are to have the required TS
value to be considered significant, putting a limit on how fine the light curves can be unless the
source is extremely bright. For this reason, when analyzing a light curve both the flux vs time
graph and a TS vs time graph are necessary, so as to be able to verify that any points of interest
reach the required TS to be considered valid observations.
FermiPy allows for some control over the creation of light curves, particularly in specifying the
length of the bins. Lightcurves automatically perform likelihood and fitness calculations based
on the previously run analysis (FermiPy Developers, 2016), though some parameters can be
overridden by choice. Light curve files primarily contain flux data, expressed in both photon and
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energy flux, with this data available at different energy ranges as well as the entire range. Other
information such as TS and predicted counts (npred) values are also included.
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CHAPTER 3
3.1 ANALYSIS OF N 157B
3.1.1 DATA PARAMETERS AND FITTING
Analysis of this region was done centered on PSR J0537-6910, with a region of interest
of 15 degrees and the timespan of 239557417 to 632945040 MET (Fig. 32). Although the source
files contain energies from 30 MeV to 300,000 MeV, analysis was done from 100 MeV to
300,000 MeV to avoid the effects of energy dispersion. Since the Crab Nebula PWN flare was at
100 MeV, this energy range is appropriate.
The counts, exposure, and model maps, as well as the source xml and livetime cube,
were all created by gta.setup. After the initial run was completed, sources within 2 degrees of
the center were freed and optimization was done. The optimization returned a code 3,
indicating the best fit category possible.
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Name
4FGL J0537.8-6909
4FGL J0540.3-6920
4FGL J0530.0-6900e
4FGL J0524.8-6938
4FGL J0535.2-6736
4FGL J0519.9-6845e
4FGL J0601.1-7035
4FGL J0531.8-6639e
4FGL J0511.4-6804
4FGL J0500.9-6945e
4FGL J0529.3-7243
4FGL J0516.1-7240
4FGL J0601.3-7238
4FGL J0541.4-7334
4FGL J0443.3-6652
4FGL J0509.9-6417
4FGL J0539.2-6333
4FGL J0436.7-7148
4FGL J0558.8-7459
4FGL J0622.4-6433
4FGL J0438.0-7329
4FGL J0644.4-6712
4FGL J0540.0-7552
4FGL J0427.8-6704
4FGL J0516.7-6207
4FGL J0635.6-7518
4FGL J0642.9-6501
4FGL J0628.8-6250
4FGL J0437.4-6155
isodiff
galdiff

Spatial Model
Point Source
Point Source
Spatial Map
Point Source
Point Source
Spatial Map
Point Source
Spatial Map
Point Source
Spatial Map
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Point Source
Constant Value
MapCubeFunction

Spectrum Type
Power Law
PL Super Exp Cutoff
Power Law
Power Law
Log Parabola
Log Parabola
Log Parabola
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Power Law
Log Parabola
Log Parabola
Power Law
Log Parabola
Power Law
Power Law
Power Law
Power Law
File Function
Power Law

Offset
0.008
0.283
0.715
1.228
1.588
1.650
2.461
2.581
2.636
3.274
3.627
3.915
3.960
4.415
5.571
5.595
5.623
5.716
6.037
6.349
6.404
6.469
6.709
6.814
7.367
7.511
7.537
8.156
9.509
-------

TS
540.11
2455.73
2129.04
30.18
454.85
4542.25
2613.55
803.08
65.30
603.02
118.17
190.07
38.21
55.18
122.31
239.35
24.29
80.92
373.63
62.25
95.29
2332.79
178.78
570.60
3628.88
887.46
102.91
557.13
78.04
21192.16
31773.38

Table 3: Table of sources within the ROI and their associated parameters. N 157B is associated with
J0537.8-6909. The offset is due to centering on J0537-6910, but the offset doesn’t affect the analysis and
results.
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N 157B is displayed with the name 4FGL J0537.8-6909 and is modeled with a power law
fit typical of PWN. Although PWN, SNR, and other gas structures are typically modeled as
extended sources due to their large size, N 157B’s extreme distance and Fermi’s low angular
resolution cause it to be modeled as a point source. All sources with a lowercase ‘e’ at the end
of their catalog number are extended sources.

Figure 32: Counts map of the 15-degree radius of the region of interest, focused on N 157B in the Large
Magellanic Cloud. The LMC is shown in the center as the bright yellow point and the surrounding red
cloud, excluding the red dot immediately to the lower left of the yellow point.
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Figure 33: Counts map of the Large Magellanic Cloud, zoomed in and showing primary sources in the area.
4FGL J0537.8-6909 is N 157B. In close proximity to N 157B is the powerful pulsar PSR J0540-6919 (listed
here as 4FGL J0540.3-6920), an exceptionally bright gamma-ray source. Circular areas are extended
regions of the Large Magellanic Cloud. The source 4FGL J0601.1-7035 is a flat spectrum radio quasar, a
type of blazar, and it is not associated with the LMC.
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Figure 34: Enlarged counts map of the area of interest, better showing the close proximity between
N 157B and PSR J0540-6919. PSR J0537-6910 overlaps heavily with N 157B.
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Figure 35: Highly enlarged counts map of the area of interest, showing the exceptionally close proximity
of N 157B and PSR J0537-6910, far too close to be separated for analysis due to Fermi’s limited angular
resolution.
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Figure 36: Residual significance map. Although the coloring shows dramatic differences, the brightest
yellow is 2-sigma significance at maximum. For N 157B, the residual significance is between -0.37 and
-0.81 sigma, indicating low-significance overmodeling.
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Figure 37: Alternate residual significance map for the entire region, showing the same overmodeling holes
near N 157B and PSR J0540-6919. The lack of sources in the ring-like area of significance around N 157B
and J0540-6919 indicates that the overall LMC and 30 Doradus region models are undermodeled with
respect to the actual emission in the regions.

Fitting this region is something of a challenge due to uncertainties in the modeling. N
157B is located within 30 Doradus, a star-forming region of the Large Magellanic Cloud, itself a
dwarf satellite galaxy of the Milky Way. The complex structure of the LMC requires detailed,
extended models of the region, several of which overlap. Additionally, another powerful pulsar
J0540.3-6920 is present in the region at a distance of 0.283 degrees from N 157B (Figs. 33-35).
All of these objects need to be well modeled in order to do accurate analysis of the area.
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Residual mapping shows that the model is good but not perfect in the areas of N 157B
and J0540-6920 (Figs. 36 and 37). Both objects show overmodeling at a maximum of -1 sigma, a
result of fewer photons being seen than predicted by the model. However, because the
significance of this overmodeling is not high, it’s acceptable to proceed with the analysis.
SEDs were created for N 157B to make sure it displayed an expected pattern of emission
for an active gamma-ray PWN. The SEDs showed the expected high emission at low energies, a
dip near 10 GeV, and then an increase in emission in higher energies (Figs. 38 and 39).

Figure 38: SED for N 157B from 100 MeV to 300,000 MeV, showing the distinctive climb in energy at the
higher energy levels. High emission is also shown near 100 MeV, indicating the likely emission in lower
energy ranges expected from synchrotron radiation.
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Figure 39: Alternate SED for N 157B from 100 MeV to 300,000 MeV, showing the likelihood of each energy
range. Some energies are very well defined, while other have only upper limits.
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3.1.2 LIGHT CURVES
The initial light curve was made over the entire span of time from 239557417 to
632945040 MET, with bins of 30 days, and therefore each point on the light curve is an average
of 30 days’ worth of flux (Fig. 40). Points with no error bars are empty bins, in that they didn’t
contain enough photons to produce a result.
At the point corresponding to 5.921 × 10/ seconds MET there is a visually significant
departure from the trend, indicating a potential brightening. Because the error bars exceed the
upper limits of most other bins’ upper error limits this could be potentially unusual activity,
rather than expected minor variability. However, it’s important to be sure that a detection is
significant enough to truly analyze, rather than random noise. For this reason, a TS vs time
graph is created, showing the significance of each detection (Fig 41).

76

Figure 40: Lightcurve for N 157B, comprising of 30-day bins over the entire timespan of 239557417 to
632945040 MET. This is a photon flux vs time graph, showing photon emission per area per time vs time
in MET, along with error bars. An unusually bright point appears at 5.921 × 10/ seconds MET,
representing a bin from October 6th 2019 to November 11th 2019.
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TS = 45.7

TS = 27.3

TS = 25.1

Figure 41: Light curve for N 157B, comprising of 30-day bins over the entire timespan of 239557417 to
632945040 MET. This is a TS vs time graph, showing the significance of each bin. Results of TS = 25 or
higher indicate statistically significant detections, corresponding to a 5-sigma confidence or greater.

There are three detections with a TS of 25 or higher, indicating significant sources (Fig.
41). One of these points is the unusually bright bin seen in the light curve, which has a TS of
45.7, meaning that it’s a highly significant source at over 6 sigma. The other two sources are
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27.3 and 25.1 TS, both corresponding to about 5 sigma. Remaining sources vary from 0 to 23.8
TS, meaning that they’re not significant on their own, however they can be used as average
upper limits on the emission per month.
The next light curves were 7-day bins made over the timespan of 570000000 to
632945040 MET (Figs. 42 and 43). This encompasses the area of the significant monthly
detection through the end of the data set. Although limiting the timespan of a light curve can
produce unreliable results due to poor optimization and a lack of reliable averages, these light
curves were made over nearly two years of data from January 24th 2019 to January 21st 2021.
Optimization returned a good fit and residual and TS maps showed no indications of issues that
didn’t already exist in the full timespan, such as the overmodeling holes.
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Figure 42: Residual significance map over the limited timespan used for the 7-day lightcurves. For N 157B,
the residual significance is between 0.14 and -0.19 sigma, indicating low-significance mismatch with the
model.
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Figure 43: Alternate residual significance maps over the limited timespan used for the 7-day lightcurves,
showing the residual significance of the surrounding area.
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Figure 44: Lightcurve for N 157B, showing 7-day bins from 5.7 × 10/ seconds to 6.4 × 10/ seconds MET.
Although some variability is shown, none of the points show any drastic change in flux from the average.

The 7-day bins show flux variation in finer detail (Fig. 44). However, the tradeoff is that
many weekly time bins didn’t have any detected photons. Although there do appear to be a
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few points of greater flux around the time of the monthly flare, these points need to be
validated through their TS values (Fig. 45).

TS = 28.5

Figure 45: TS graph for N 157B, showing 7-day bins from 5.7 × 10/ seconds to 6.4 × 10/ seconds MET.
Only one detection is over TS = 25. Although this detection is significant, it does not correspond to the
brightest point seen in the 7-day bins.
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Figure 46: Light curve (Figure 3.13) and TS graph (Figure 3.14) side by side, showing the same flux and TS
values for the same data points. The orange circles are the point of brightest flux and its corresponding
TS of 18.7, while the green circle corresponds to the only significant source at TS = 28.7. A TS of 18.7
corresponds to an approximately 4.3 sigma significance, which is good but not good enough to be
considered acceptable for analysis. The large error bars also indicate that this could be normal variability.

The weekly light curves show some indication of flaring activity, but not at significant enough
detection to be considered valid sources (Fig. 46). The only valid detection on the weekly scale
is a bin with a moderate flux in line with the average emission. Although it’s possible that 24hour bins could show flaring activity on short time scales that are significant enough for
analysis, it’s unlikely that enough photons would be seen on such short time scales considering
the trend.
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CHAPTER 4
4.1 DISCUSSION AND CONCLUSIONS
N 157B does show a 30-day bin of unusually bright flux at 5.9207 × 10/ seconds MET,
corresponding to a 30-day bin centered on October 6th, 2019. However, 7-days bins fail to show
any significant detections corresponding to flare-like activity, although a 7-day bin with a TS =
18.7 shows limited evidence of brightening.
The primary limitation in this analysis is the lack of observed photons over short
timespans. Although N 157B is a bright gamma-ray source, due to the distance to the LMC
many photons have dispersed, lost energy, or otherwise no longer appear in gamma rays by the
time they reach the Fermi-LAT. Although enough gamma-ray photons are observed to make N
157B a significant source over yearly time spans, extremely limited photon counts on a monthly
scale and smaller primarily produce light curves that lack the detection significance necessary
for confident analysis.
However, the significant detection of a 30-day bin displaying a flux of nearly three times
the average value of other bins is still noteworthy. This detection is both highly significant in
terms of TS value and in its departure from the trend given by twelve years of observations. It’s
possible that a flaring event occurred during this monthly bin, but it can’t be resolved on a
smaller time scale. It’s also possible that other flaring events could have occurred in monthly
bins that don’t show significant detections, due to the potential for a flare on the daily scale
that, when averaged over a month of activity, isn’t significant. Further investigation on smaller
time scales could potentially uncover new results.
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Assuming that isn’t the case, and disregarding the potential that flaring simply can’t be
seen due to the low photon counts picked up by Fermi-LAT, it’s worthwhile to discuss why
N 157B may not show flaring activity despite its similarity to the Crab Nebula. Although these
two systems are similar, they do have many differences that could potentially explain a lack of
flaring from N 157B.
The first and easiest explanation is that we simply haven’t observed a flare yet. Although
the Crab Nebula has shown several flares of varying strength, this is also a nearby system that
has been studied extensively. This means there’s a long history of observations in which to
detect flares, and only one flare on the scale of the April 2011 event has been recorded despite
evidence of smaller flares (Arakawa et. al, 2020). This means it’s entirely possible we just
haven’t observed N 157B long enough to see a flare state.
Another explanation could have to do with the physics of the systems in relation to their
ages. Although similar, N 157B is just over five times the age of the Crab Nebula, at 4950 years
versus 967, and despite both systems being young by astronomical standards, this difference in
time could still be an important factor. Because the Crab Nebula’s flares are believed to be
driven by magnetic reconnection, the close proximity between the Crab pulsar and the Crab
PWN may allow for more extensive interaction. In contrast, N 157B and J0537-6910 are older
and so N 157B has had more time to dissipate and move further from J0537-6910. This could
affect the potential for magnetic reconnection.
Although very close to the cutoff for a millisecond pulsar, the Crab pulsar is not
technically an MSP. If it were, it would join J0537-6910 in being exceptionally young for an MSP,
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however currently J0537-6910 is unique in that respect. J0537-6910 is also unique in several
other features, including its incredibly high spindown, high spindown-to-period ratio, large
magnetic field for its rotation speed, and extensive unusual glitch behavior. Since J0537-6910 is
an outlier in so many regards, that indicates there’s still much left unknown about the physics
of this pulsar. This could in turn affect N 157B and the mechanisms that occur within it.
There’s also the risk of errors in data analysis. Although the LMC is well modeled in
gamma rays, the residual mapping does show overmodeling in the region of N 157B and the
nearby pulsar J0540-6919. Although these occur at low significance, there’s the potential that it
could still affect the results due to the small margin for significant detections caused by the
faintness of the system. Residuals in general mean that the emission of the area is not a good
match to the models, indicating that something about the area is not well understood. Due to
the complexity of the area and overlapping sources it’s possible that the light curve data is too
noisy to show detections. This sort of noise is the reason that a detection has to be verified with
a significant TS value, and so flaring events could occur but be hidden in the noise.
Overall advancements in technology, such as more sensitive instruments and finer resolution,
could result in the eventual detection of flaring activity not just from N 157B, but from other
pulsar wind nebula systems. Even without new technology, it’s possible that a detection of a
flare event is only a matter of time.
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